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Abstract: This paper presents work focused on the development, evaluation and use of a 3D model
for investigation of the radiative heat transfer in rotary kilns. The model applies a discrete-ordinates
method to solve the radiative transfer equation considering emission, absorption and scattering of
radiation by gas species and particles for cylindrical and semi-cylindrical enclosures. Modelling
input data on temperature, particle distribution and gas composition in the radial, axial and angular
directions are experimentally gathered in a down-scaled version of a rotary kiln. The model is tested
in its capability to predict the radiative intensity and heat flux to the inner wall of the furnace and
good agreement was found when compared to measurements. Including the conductive heat transfer
through the furnace wall, the model also satisfactorily predicts the intermediate wall temperature.
The work also includes a first study on the effect of the incident radiative heat flux to the different
surfaces while adding a cold bed material. With further development of the model, it can be used to
study the heat transfer in full-scale rotary kilns.
Keywords: radiative heat transfer; rotary kiln; discrete-ordinates method; experiments and modelling
1. Introduction
Rotary kilns are cylindrical, tilting and slowly rotating furnaces, and the first patented invention
resembling a rotary kiln was created in 1885 by Frederick Ransome, which was introduced to the
cement industry [1]. Since then, the rotary kilns have been developed and are still used for cement
production and several different other industries, such as pulp and paper and for iron ore pelletizing.
The unit operation of a rotary kiln is mainly heat treatment of a solid bed material passing from the
higher to the lower end of the kiln as the kiln is rotating with a luminous flame along the kiln axis.
The heat transfer within the kiln is complex, since it not only includes convective, conductive and
radiative heat transfer, but heat is also transferred in the angular and axial directions as the wall rotates
and the bed mixes. Additionally, the bed material may be reactive and heat addition or loss from
reactions should then be considered.
Several researchers have examined the heat transfer mechanisms within the kiln freeboard,
bed material and walls. Experimental data from full-scale rotary kilns are, however, difficult to
sample—mainly due to the large dimensions and the rotation of the kilns. Many studies have therefore
focused on the development of different models, while others have conducted experiments in smaller
furnaces. Cross and Young [2] examined flame characteristics and pellet throughput in a rotary kiln for
oil and gaseous flames employing a one-dimensional flame model assuming grey radiative properties.
Gorog et al. studied the radiative heat transfer in rotary kilns, with and without luminous flames,
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as well as the regenerative heat transfer from the kiln wall while varying parameters such as the
fuel type or temperature and oxygen enrichment of the secondary air [3–5]. Their work showed the
computational errors associated with assuming grey properties by comparing results with calculations
using a non-grey equimolar CO2/H2O mixture for the freeboard gas. Thornton and Batterham [6]
developed a one-dimensional dynamic model of the radiative heat transfer and bed mixing in a rotary
kiln. Barr et al. [7,8] studied a pilot-scale rotary kiln and the heat treatment of different solid materials.
They developed a cross-section model of the radiative heat transfer in the rotary kiln for a natural
gas flame with a reacting bed material using secondary air at ambient temperature. Boateng and
Barr [9] developed a quasi-3D model of the thermal transport in a rotary kiln by comprising a 1D
axial model together with a 2D model of the rotary kiln cross-section for the bed material. Several
researchers have also studied the conductive heat transfer between the wall and bed material [10–13]
as well as the convective heat transfer between the freeboard and the wall and bed materials [14].
The movement of the bed material, the different modes of heat transfer as well as the impact from
different parameters on heat transfer in a rotary kiln, such as the temperature dependent radiative
emissivity of different materials, has been summarized by Specht [15]. Several researchers have also
developed different computational fluid dynamics (CFDs)-based models in order to model full-scale
rotary kilns [16–19]. While such models can be used to provide valuable information of various
processes, they rely on predictions of gas and surface temperatures, which can increase their uncertainty
relative to measured properties.
This work focuses on rotary kilns used by the Swedish mining company Luossavaara-Kiirunavaara
Aktiebolag (LKAB) for iron ore pelletizing, in which preheated iron ore pellets are further heated,
oxidized and sintered as they move through the kiln, which has a total length of approximately 34 m and
an inner diameter of 5.5 m. The bed of iron ore pellets constitutes approximately 10% of the kiln volume
and the heat required by the process is mainly supplied from the suspension-fired combustion of fossil
coal at a range of 35–40 MWth, with the burner positioned at the lower end of the kiln. The heat is
mainly transferred to the pellet bed and kiln walls from the long jet flame due to radiation. High oxygen
concentrations and gas temperatures of the freeboard gas are desired to promote oxidation of magnetite
to hematite, achieved by preheating large volume flows of secondary air. The gas stream leaving the
rotary kiln holds a temperature within the range of 1150–1250 ◦C and an oxygen concentration of
approximately 16% [20]. The heated pellets enter the rotary kiln at temperatures slightly lower than
the outgoing gas temperature and leave the rotary kiln at approximately 1270 ◦C [20], depending on
the fuel used. The hot bed of pellets falls down to a cooler and is cooled with air passing through the
bed. The air leaving the cooler is introduced as secondary air to the rotary kiln at a temperature of
approximately 1050 ◦C. A more detailed description of LKAB’s process can be found in the work by
Jonsson et al. [21].
The use of coal as fuel results in large emissions of carbon dioxide and, due to the concerns of an
increased global greenhouse effect, there is an urgent interest to switch to less carbon-intensive fuels.
However, since the control of the kiln and the flame conditions are critical to achieve a high-quality
product, it is necessary to consider how a change in fuel may affect the heat transfer within the rotary
kiln, or rather, how to minimize eventual effects on the product. The aim of this work is to improve
the understanding of the heat transfer process in rotary kilns using solid fuels, since quantitative
knowledge on this is rather limited today. Here, the radiative heat transfer is examined for a stationary
kiln, and modelling results are compared to measurement data gathered from a 580 kWth pilot-scale
furnace in order to validate the model. The modelled and measured incident radiative heat fluxes to
the inner wall of the furnace are of main interest, since they correspond to the heat transferred to the
bed of iron ore pellets. Calculated radiative intensities and wall temperatures are also of interest in
order to perform a first validation of the model.
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2. Methodology
In the rotary kiln, heat is transferred to the iron ore pellet bed due to thermal radiation, convection
and conduction within the bed and from the wall. With a long and luminous flame, the total heat transfer
within the kiln is, however, considered to be dominated by radiation [1]. The need for an accurate and
detailed model of the radiative heat transfer within the kiln to achieve a better understanding of the
process and the total heat transfer is therefore obvious.
In this work, the radiative heat transfer is modelled and studied in three dimensions using
a discrete-ordinates method (DOM) solving the radiative transfer equation (RTE) for cylindrical
and semi-cylindrical enclosures. Originally, the DOM gained interest in the work of Carlson and
Lathrop [22], solving neutron transport problems in different geometries. Since then, the DOM has been
applied to and optimized for different radiative heat transfer problems; see, e.g., the review paper of
Coelho [23]. Applying a DOM, the examined enclosure is divided into a number of three-dimensional
cells and the RTE is solved for a set of weighted discrete directions for each cell. The DOM has been
successfully used in previous studies of different cylindrical enclosures [24–26] as well as more complex
geometries [27–31].
The authors have previously published a paper on the heat transfer modelling within a full-scale
rotary kiln for iron ore pelletizing using a DOM [32], and the aim of this work is to describe the
detailed radiative heat transfer model used, for a pilot-scale rotary kiln, and validate it by comparing it
with measurement data. The developed model and treatment of the radiative heat transfer, in three
dimensions, including emitting gases and fuel particles, were previously presented by the authors at
the 6th International Conference on Computational Thermal Radiation in Participating Media [33] and
have been further developed in this work to include the heat transfer through the furnace wall and an
iterative solution of the inner wall temperature and the incident radiative heat flux. The authors have
also applied a discrete transfer model (DTM) to study the radiative heat transfer in earlier studies for
different cylindrical furnaces with satisfactory results while assuming axisymmetric flames [34,35].
The DOM has, however, been shown to be more economical and studies of non-axisymmetric systems
of a whole furnace (in 3D) are more easily implemented in comparison to the DTM [36]. The modelling
approach is described in more detail below.
The model in itself is not predictive of the combustion conditions within the pilot-scale furnace
but can be used with advantage to study the radiative heat transfer properties in an industrial-scale
rotary kiln in detail. Given an input data set of temperature, gas and particle concentrations, as well
as surface properties, sensitivity analysis of certain parameters can be conducted to gain additional
insight into the heat transfer process. The model can be used in future work as a submodel in a more
comprehensive model, coupling the radiative heat transfer with gas, particle, and energy transport as
well as combustion reactions in order to provide a more comprehensive predictive tool.
Input data for the model were gathered from experiments comprising temperature, gas composition
and particle concentration in a rotary kiln pilot-scale furnace with a thermal input of 580 kWth and
using a carbon-rich coal as fuel.
2.1. Modelling
The radiative transfer equation (RTE) describes how the radiative intensity, I, changes along a
direction ŝ, while it accounts for the contributions from emission, absorption, and scattering into and
away from the said direction. The RTE may be expressed for a given wavenumber, ν, as:
dIν
ds






where κν and σsν are the absorption and scattering coefficients for the present medium, respectively,
and Iν(ŝm) is the spectral intensity scattered into direction ŝ from a small ray originating from direction
ŝm depending on the scattering phase function, Φν, over the solid angle dΩm.
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Considering a rotary kiln, the modelled enclosure will be defined by the cylindrical wall and the
present bed material, i.e., a semi-cylindrical enclosure. To simplify the geometry of the enclosure, the
bed material is assumed to be evenly distributed along the furnace axis and may then be approximated
as a plane, as previously done by Thornton and Batterham [6]. While discretizing the enclosure into
cells, the radial angle between two cells (∆ω) was kept constant and due to the geometry of the
enclosure, two different cell types will be present in the DOM, here referred to as type I and II, as is
shown in Figure 1. The total number of cells used in the DOM is given by: ntot = nr·nψ·nz, where n
represents the number of cells in the radial (r), angular (ψ), and axial (z) directions.
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here ξm, ηm and µm are direction cosines for a ray travelling along the discrete direction ŝm, according
to Figure 2.
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With an increasing N value, the number of rays increases along with the computational power
required to solve the RTE. According to Fiveland [37], the angular discretization with the S4
approximation may yield reasonable enough solutions for some systems, while higher values require
considerably more numerical effort. It should be noted, however, that the DOM may suffer from ray
effects, which can be reduced by an increased number of discrete directions [23]. For this reason, the S8
approximation is used in this work. Table 1 lists numerical values of the discrete cosines and weights
used, collected from the work of Modest [36].
Table 1. Discrete cosines and weights used for the S8 approximations [36].
ξm ηm µm wm
0.1422555 0.1422555 0.9795543 0.1712359
0.1422555 0.5773503 0.8040087 0.0992284
0.1422555 0.8040087 0.5773503 0.0992284
0.1422555 0.9795543 0.1422555 0.1712359
0.5773503 0.1422555 0.8040087 0.0992284
0.5773503 0.5773503 0.5773503 0.4617179
0.5773503 0.8040087 0.1422555 0.0992284
0.8040087 0.1422555 0.5773503 0.0992284
0.8040087 0.5773503 0.1422555 0.0992284
0.9795543 0.1422555 0.1422555 0.1712359
By employing the angle between two cells in the angular direction, ∆ω, Equation (2) is solved by
multiplying cell types I and II, respectively, with the expressions given by Equation (4):
Type I 2πr dr dz dψ
Type II r 1cos2(∆ω) dr dψ dz
(4)
and integrating over the volume elements for each cell type. For both cell types, the following
expression is then achieved:
µm(Ai+1Im,i+1 −AiIm,i) + ηm
(









= Vp [−(κ+ σs)Im + κIb + σIs]
(5)
where the cell wall areas through which the radiation enters and leaves the cells are represented by Ai,
Bj and Ck, and the cell volume by Vp. The αm±1/2 terms are introduced to handle the discretization of
the direction vector η and to correct for the curvature of the cylindrical furnace [22,38]. The six different
cell surfaces for the two cell types are presented in Figure 3.
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with a present bed material for cell types I (a–c) and II (d–f).
Defining the cells from a line between the center of the furnace and the middle of the bed surface,
in the angular direction, rnr,c is the shortest distance from the central axis of the kiln to the bed surface.
Each cell surface may then be expressed as:
































where i, j and k represent the cell number in the radial, angular and axial direction, respectively, and ω
is the angle between two angular cells. The cell volume may be calculated as Vp = Ck∆zk for both cell
types. To find the αm±1/2 terms, a case in which divergenceless flow is assumed can be used according
to Carlson and Lathrop [22], i.e., a case with neither intensity sources nor sinks, all intensities are alike
and the right side of Equation (5) becomes zero. Considering the different cell surfaces, it may be
observed that for cell type I, B j+1 = B j, and for both cell types (I and II), Ck+1 = Ck, while Ai+1 , Ai
for all cells.




+ηm(B j+1Im, j+1 − B jIm, j)]
(7)
To calculate the radiative intensities, an iterative solution process is required since the RTE is
solved for each discrete angular direction, resulting in as many coupled partial differential equations.
The iterative procedure starts at the wall at one end of the cylinder and, during the first iteration,
values for the reflected and angular intensities are assumed, and thereafter updated in each iteration.
The discretized rays are spread from the nodal points in the cells over spheres, and calculations
are performed for one sphere octant at a time. With a beam directed from the wall towards the
furnace center, the intensity to a node point P from one direction in an octant can be expressed as in
Equation (8) [25].
ImP =
µmAiIA + ηmB jIB + ξmCkIC +
αmIα
wm + (κIb + σsIsca)Vp
µmAi + ηmB j + ξmCk +
αm
wm + (κ+ σs)Vp
(8)
The DOM may also suffer from false scattering, which may be reduced by using an appropriate
spatial discretization scheme [23]. Here, a diamond differencing scheme is used to calculate the
upstream intensities of IA, IB and IC. The diamond scheme is, however, known to have a shortcoming
in eventually producing negative intensities. In the model, if any such negative value appears, it can be
set to zero. It is also possible to ensure that these negative values never appear using a finite-difference
weighting factor set to 1 as described by Fiveland [37].
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In this work, using grey coefficients to represent the contributions from gases and particles,
the RTE is solved for an overall (grey) intensity in order to reduce the required computational power.
Considering the present gases, a weighted-sum-of-grey-gases (WSGG) model is used to estimate grey
gas absorption coefficients for each cell in the model. Using a WSGG model (as first presented by
Hottel and Sarofim [39]), the actual gases present in the furnace are represented by a mixture of a
number of grey gases, where the contribution from each grey gas is connected to a weight depending
on the real gas composition. Derived from the work of Johansson et al. [40], a modified WSGG model
is used in this work, in which a set of four grey gases and one clear gas are applied, considering
the gas concentrations of CO2 and H2O. Spectral particle properties are calculated according to Mie
theory for fuel and ash particles. Complex refractive indices from Foster and Howarth [41] are utilized
for fuel particles, while a combination from the works of Lohi et al. [42], Gupta and Wall [43] and
Goodwin and Mitchner [44] are utilized for ash particles. Present soot particles are considered to
be small and Rayleigh theory is used to calculate the absorption coefficient with complex refractive
indices from Chang and Charalampopoulos [45]. From particle size distributions, spectral absorption
and scattering coefficients can be calculated for each particle type and size and summed to a single
representative value of either coefficient. Using Planck averaging, the spectral particle properties
can be turned into grey particle properties and used together with the WSGG model. A simplified
scattering phase function is used in this work and cases assuming either pure isotropic or forward
scattering (i.e., no scattering) are examined along with an additional case assuming 80% forward
scattering, as suggested by Gronarz et al. [46]. A WSGG model was used previously for gases and
coal particles together with the DOM by Yu et al. [47] for a cylindrical furnace of 3 m and 0.6 m inner
diameter. They found that the DOM provides credible results of the calculated radiative heat transfer
together with a WSGG model.
Once the RTE is solved for the furnace using the DOM, the incident radiative heat flux to the
inner wall of the furnace can be calculated. This heat flux corresponds to the maximum radiative heat
that can possibly be absorbed by a bed material in a rotary kiln. The incident radiative heat flux, q′′r ,
is calculated from the weighted sum of the incident radiation intensities from all directions, with ζi





Depending on the absorptivity of the wall material surface, a portion of the incident radiative
heat flux will be absorbed by the wall, heating the wall. If the conditions on the outside of the furnace,
i.e., outer air and surrounding temperatures, are known, the inner wall temperature can be estimated
from an energy balance of the heat transfer through the wall. At steady state conditions, the energy
difference between the absorbed and emitted radiative heat must be transferred through the wall,
neglecting convective heat transfer since radiation has been shown to dominate the total heat transfer
on the inside of the furnace [32]. Further assuming grey and diffuse properties of the wall surface, i.e.,
absorptivity and emissivity are equal, the conductive heat transfer through the wall may be estimated







) = εwAw(q′′r − σT4w) (10)
where the outer wall temperature, Two, may be found from an energy balance over the furnace wall,
since the heat transferred through the wall will at steady state be equal to the heat transfer, or rather
heat loss, to the surroundings (at temperature T∞) due to natural convection and radiation. Using
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an overall heat transfer coefficient for the conductive heat transfer, kw, based on the materials in the
composite wall, the outer wall temperature may be estimated according to Equation (11) [32].





















Forced convection is neglected in the model since LKAB’s kilns are shielded from wind by
outer walls. The convective heat transfer coefficient for the natural convection on the outside of the
pilot-scale furnace, ho, can be expressed from the Nusselt number for a cylinder, as described by












The expression of Equation (12) is considered to be valid for RaD < 1012 [50]. By iterating the
energy balance given in Equation (10), the inner and outer wall temperatures may be calculated from
the incident heat flux and the outer wall heat loss, as well as an estimated temperature profile through
the wall.
2.2. Data Gathering and Usage
The radiative heat transfer conditions in a rotary kiln have been experimentally examined by
measuring the gas properties and particle concentration in a pilot-scale test furnace. The test furnace,
as shown in Figure 4, is cylindrical and slightly tilting (3◦ from the horizontal line), constructed as a
down-scaled version of a full-scale rotary kiln used for iron ore pelletizing, applying constant velocity
scaling [51], with a length of 4.8 m and an inner diameter of 650 mm. The inner wall was refractory
lined, and an insulating material was used between the inner layer and the outer steel wall, with a
total wall thickness of 285 mm. Probing and in-flame measurements were possible along the furnace
axis due to 13 installed measurement ports, labeled MH 0–12, allowing for radially as well as axially
distributed measurements within the furnace. The burner, positioned at the lower end of the furnace
and in line with the furnace axis, had six registers for primary air and fuel and has been described
more thoroughly by Edland et al. [52]. To mimic the full-scale process, where hot air from the product
cooler section is used as secondary air to the kiln, large secondary air volumes of 2300 Nm3/h at a
temperature of approximately 1050 ◦C were introduced through two large registers, one above and one
below the burner, as described previously by Bäckström et al. [35]. The thermal input to the burner
during the experimental campaign was 580 kWth but no bed material was present, and the test furnace
was stationary. The flue gases leave the furnace through an extended piping to a stack.
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temperatures using a suction pyrometer with a type B thermocouple, an IR camera and stationary
thermocouples; gas composition (H2O and CO2) using a FTIR; and particle concentration and size
distribution using a low-pressure impactor (size range 30 nm–10 µm). To achieve a good distribution
of measurement positions along the furnace axis as well as the furnace diameter, measurements were
focused on ports MH 0, 1, 3 and 7 for most parameters, while the IR camera was used for ports
MH 0–10. Using water-cooled probes, measurements of temperature, gas composition and radiative
intensity were gathered at several positions along the furnace diameter, while the incident radiative
heat flux was measured at the position of the inner wall and the particle concentration at the centerline
of the furnace. Performing radiative intensity measurements, quartz windows were placed in the
opposite wall, acting as cold backgrounds to reduce background radiation along the furnace diameter
and to better study the radiation from the flame. The temperature within the wall material was
measured along the furnace axis, and thermocouples were positioned 70 mm within the wall from the
inner surface. A more detailed description of the test furnace, the gathering of the data, the different
measurement probes and techniques used can be found in [34].
Collected measurement data on temperature, gas composition, particle concentration and size
distribution were used as input data for the model and prescribed at the cell nodes. Parameters were
assumed to change linearly between two measurement positions, radially as well as axially, considering
the linear temperature change in T4. Values at the axial position of the burner were set from the
measurements at port MH 0 and from the known secondary air inlet temperature and gas composition.
Between the axial position of port MH 7 and the outlet of the furnace, the radial temperature was
linearly changed to become isothermal at 1200 ◦C at the outlet and the gas composition was set to be
the same as at the axial position of measurement port MH 7. Wall properties were set at the cell surface
nodes but without available data concerning the solids radiative properties, the wall was assumed to
be grey and diffuse. The lower end (burner position) and gas outlet/stack of the kiln were represented
as two discs at the bottom and top ends of the cylinder, respectively, acting as boundaries in the DOM,
with a set emissivity of 0.80. Several different fuels and fuel combinations of coal and biomass were
tested in the furnace during the measurement campaign, though the modelling work in this paper is
focused on a single case using a carbon-rich coal as fuel. The fuel particle concentration was known at
the burner inlet and measured at the central position for ports MH 3 and 7. The collected and examined
particle samples from the flame were found to contain small amount of ash in comparison to char and
fuel particles. Ash particles were therefore neglected in the modelling work. Further, the ash contained
a small amount of scattering components such as Fe2O3 [53]—only approximately 5% of the ash was
made up by Fe2O3. The char particle size distribution used in the modelling work was divided in
12 steps according to measurements. Further details on the measurement campaign, the different fuels
examined and measurement data can be found in the work by Gunnarsson et al. [34].
3. Results and Discussion
To study the radiative heat transfer within the pilot-scale furnace, the described 3D model applying
the DOM has been used as a tool in this work for a case using a carbon-rich coal at a thermal input of
580 kWth, and the results are compared to measurements. Using a grid resolution of 30 × 60 × 100,
the model was applied for the test furnace full length of 4.8 m, measured from the burner position.
Extended temperature and gas concentration maps are shown in Figure 5, based on measurement data
gathered at positions along the furnace diameter for several ports, where the measurement positions
are indicated with asterisk (∗) symbols. Figure 5a–c shows cross-sectional temperature contour maps
corresponding to the axial distances of ports MH 1, 3 and 7, as observed from the burner, and the
estimated temperature in the whole furnace is shown in Figure 5d, as observed from above. Using an
IR camera, the furnace inner wall temperature was estimated for ports MH 0–10 under the assumption
of an isothermal wall for all angular positions for each axial position (Figure 5d). Downstream of port
MH 10, the wall was assumed to be linearly decreasing to 1200 ◦C at the gas outlet. Figure 5e,f shows
cross-sectional gas concentration maps of CO2 and H2O, as observed from above the furnace.
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During the experiments, radial symmetry of the flame within the furnace was aimed for but,
as can be observed from the temperature maps, the flame became slightly tilted to the left from the
burner. It should further be noted that since measurements were performed only along the horizontal
line of the furnace, possible variations in the vertical direction could not be observed.
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Figure 5. Cross-sectional maps of temperature and gas concentration based on measurements used as
input data for the DOM. Temperatures, as seen from the burner position, for ports (a) MH 1, (b) MH 3,
(c) MH 7 and (d) the whole furnace, as seen from above, including wall temperature measured with an
infrared camera. Gas concentrations of (e) CO2 and (f) H2O. Measurement positions are indicated with
asterisk (∗) symbols.
The measured (triangles) as well as the modelled incident radiative heat fluxes along the furnace
axis are shown Figure 6a, with the burner located at th 0 m position, and th measurement data
corresponding to ports MH 0, 1, 3 and 7. In the model, the scattering was et to be ither isotropic
(continuous line) or only forward (dashed line), but only marginal effects from the scattering assumption
were observed; the isotropic and forward scattering predictions essentially lie on top of each other.
This is probably mainly due to the relative size between the diameter and length of the furnace.
It appears as if a large portion of the incident radiative heat flux to a position along the furnace axis
originates from the flame and wall close to each axial position, minimizing particle scattering effects,
and it is possible that the scattering would show a somewhat larger impact with an increased furnace
diameter. At port MH 7, the mo el overestimates the radiative heat flux, which is most pr bably an
effect of an over stim t d wall temperature using the IR camera. Since radiation from the fl me may
be reflected in t e wall and the wall emissivity is not fully known, estimations of th opposite furnace
wall temperature using an IR camera is challenging. Further, at this axial position, the flame was
slightly tilted towards the opposite wall of the furnace, causing an overestimation of the overall wall
temperature assuming no angular variation of the wall temperature. Considering this, the model was
Energies 2020, 13, 2192 11 of 18
instead executed for a case where the wall temperature was assumed to adopt the temperature of the gas
closest to the wall, according to Figure 5d—that is, for an overall colder wall with angular variations in
temperature—and the modelled incident radiative heat flux is shown in Figure 6b. As can be observed,
the difference between measured and modelled values is decreased for the downstream port MH 7 due
to the cooler wall (~110 ◦C at port MH 7). Figure 6c–e shows the measured radiative intensities for the
respective ports MH 1, 3 and 7, indicated with triangles, and the modelled total radiative intensities,
using the same assumptions as for Figure 6b. During the measurements, the NAR was traversed along
the diameter of the furnace, entering through a measurement port. With the probe located at the inner
wall, at the 0 mm position, high radiative intensities were measured due to the long path length of hot
gases and particles in the probe’s line of sight. Moving the probe through the flame and closer to the
opposite wall, the measured radiative intensity decreases as the path length of hot gases and particles
decreases. At the opposite wall (650 mm), the probe is directed towards a cold quartz glass in the
furnace wall and the measured radiative intensity comes close to zero. In the model, this cold quartz
glass is accounted for, allowing the wall to be cold at the specific and corresponding axial distance
from the burner and for one angular position. Unlike the heat flux, large effects are apparent from the
scattering assumption in the modelling of the radiative intensity. Assuming only forward scattering
(continuous lines), i.e., no scattering, the radiative intensity is predicted satisfactorily for port MH 1 but
underpredicted for ports MH 3 and 7. Instead assuming isotropic scattering (dashed lines), the model
predicts the radiative intensity rather satisfactorily for all three ports. This increase in the modelled
radiative intensity is due to the additional radiation scattered into the single direction studied with the
NAR from the hot surrounding wall. That is, while assuming forward scattering, the only contribution
to the total radiative intensity, in one narrow direction, originates from the emitting gases and particles
present in the NAR’s line of sight. An additional case, assuming the scattering phase function was
80% forward scattering (dotted line) and 20% isotropic scattering, was also studied and found to
underestimate the radiative intensity at ports MH 3 and 7.
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Figure 6. Measured (triangles) and modelled radiation assuming isotropic (dashed), forward
(continuous) and 80% forward scattering (dotted). The incident radiative heat flux at the inner
wall for measurement ports MH 0, 1, 3 and 7 along the furnace axis with the wall temperature set from
(a) the IR camera and (b) the gas temperature closest to the wall. Measured and modelled radiative
intensities along the furnace diameter at ports (c) MH 1, (d) MH 3 and (e) MH 7.
Energies 2020, 13, 2192 12 of 18
Solving the RTE and the energy balance expressed in Equation (10), in an iterative process,
the inner and outer wall temperatures can be calculated from the set gas temperature, gas concentration
and particle concentration within the test furnace. Figure 7a shows the calculated inner wall surface
temperature along the furnace axis using the DOM as well as the estimated wall temperature using the
infrared camera, the gas temperature close to the inner wall and the maximum flame temperatures
based on measurements. Figure 7b shows the temperature of the inner and outer wall surfaces as well
as the calculated and measured temperature at the intermediate position of 70 mm from the inside of the
wall. The thermocouples were positioned along the axis of the furnace, beyond the insulation material,
and as can be observed, the temperature drop appears within the insulation. The incident radiative
heat flux for the calculated wall temperature profile is shown in Figure 7c, with good agreement to the
measured values, and may be compared to Figure 6a,b. From the results shown in Figure 7, it appears
that the estimated temperature using the infrared camera is in good agreement with the calculated
wall temperature close to the burner, while it is closer to the maximum flame temperature farther
downstream. It appears as reflected radiation was observed at the downstream measurement ports.
At these downstream positions, the gas temperature closest to the wall is instead in good agreement
with the calculated wall temperature. This could be considered to be in agreement with the observation
of the flame being tilted towards the wall opposite of the measurement ports at these positions, as
shown in Figure 5d.
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a surface comes close to black body radiation and becomes independent of the wall emissivity, if the 
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to the furnace length, the impact from the changed wall emissivity may become more evident, and 
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temperature, in an attempt to imitate, e.g., a bed of pellets being heated as it is moving through the
kiln, though with a much larger temperature gradient. The bed and wall emissivities were both set
to 0.80 in this example. To more easily compare the two cases, the gas composition and temperature
profiles were simplified to be radially symmetric—that is, profiles from Figure 5d–f (0–325 mm along
the diameter) were used for all angular positions at each axial position, and forward scattering was
used. As expected, when adding a cold bed material to the kiln, the maximum incident radiative heat
flux is clearly visibly lowered in Figure 10b: the overall incident radiative heat flux at all surfaces is
reduced. It may also be observed that the radiative heat flux is higher to the cold bed material than
to the surrounding wall at the same axial position. This example illustrates the possibility to use the
model to study the effect of different parameter changes.
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the incident radiative heat flux were calculated in an iterative process from the prescribed properties
in the freeboard using Equation (10), including conduction through the furnace wall as well as heat
losses from the cylindrical outside of the test furnace, and provided good results when compared to
measure ents. The intermediate wall temperature was also estimated in a satisfactory way when
compared to the measure ents from the thermocouples positioned within the wall, 70 mm from the
inner surface of the wall. The radiative intensity was found to be underestimated in the model when
scattering was neglected. Instead assuming isotropic scattering, the model predicted the measured
radiative intensity quite well, since radiation was then scattered into the measured direction (with the
NAR) fro the hot surrounding wall. The impact on the radiative heat flux from the presence of
particles in the freeboard was also examined by varying the particle load.
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Though no experiments including a bed material in the furnace were performed in this work,
the possibility of introducing a bed material to the model was demonstrated, and the effect on the
overall radiative heat flux of a cold bed material was examined. As could be expected, the overall
radiative heat flux to the bed and wall was reduced when a cold bed material was introduced to the
furnace, but the radiative heat flux was found to be higher to the bed material than to the surrounding
wall at the same axial position.
The model demonstrated the possibility to study radiative heat transfer in full-scale rotary
kilns in future work, using different fuels such as oil or coal, and performing desirable operational
sensitivity analyses.
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Nomenclature
A cell area in radial direction θ polar angle
B cell area in angular direction ∆ω cell angle
C cell area in axial direction κ absorption coefficient
î, ĵ, k̂ unit vectors in Cartesian coordinates ν wave number
I radiative intensity σ Stefan-Boltzmann constant
I cell type σs scattering coefficient
II cell type φ scattering phase function
kw conductive heat transfer coefficient Φ azimuthal angle
L furnace length ψ space variable
n number of cells Ω solid angle
N total number of directions used
Nu Nusselt number Subscripts
r radius b black body
Pr Prandtl number con conductive heat transfer
q heat transfer D furnace diameter
q′′ radiative heat flux i radial position
Ra Rayleigh number j angular position
ŝ unit vector in a given direction k axial position
T temperature m discrete direction
V cell volume o outer
w angular quadrature weight P node point
r radial cell
Greek Symbols w wall
α angular derivative coefficient z axial cell
∆ω cell angle ∞ ambient
ε emissivity
ζ, η, µ, ξ direction cosine
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